Surface modified gold electrodes with high biospecific affinity for NAD(H)-dependent lactate dehydrogenase have been prepared by covalent attachment of several triazine dyes to stepwise functionalized mixed alkanethiol self-assembled monolayers. The biospecific affinity of such ligand-anchored monolayers to bind submonolayer amounts of enzyme was demonstrated from the course of the protein adsorption events monitored by surface plasmon resonance. Electr~nzymatic activity measurements of lactate dehydrogenase modified surfaces for the reaction of lactate oxidation, carded out 'ex situ' at different stages of protein layer growth, allowed the optimization of the preparative procedure to yield reproducible enzymatic electrodes with a low amount of unspecifically bound protein. A short adsorption time, as well as a high concentration of enzyme in the solution used for protein layer growth, led to lactate dehydrogenasemodified gold electrode surfaces with a high electroenzymatic activity arising mainly from biospecifically bound species. The lowest amount of unspecifically adsorbed protein was found for ligand-anchored monolayers prepared fi'om mixed alkanethiol underlayers with an excess of positively charged groups. The lack of electroenzymatic activity shown by lactate dehydrogenase modified electrodes in the absence of soluble coenzyme (NAD +) indicates that none of the investigated ligand-anchored monolayers could provide an efficient electronic pathway from the metal to the active site of the enzyme. Therefore, the monolayers acted just as an anchoring system for lactate dehydrogenase. © 1997 Elsevier Science S.A.
Introduction
It is widely accepted that the denaturation process undergone by proteins after physical adsorption onto bare metallic surfaces may be considered as one of the main reasons for the limited biotechnological application of such biointerfaces in the development of electrochemical transducers [1] [2] [3] [4] . On the other hand, covalent attachment of proteins to functionalized metal surfaces [5] [6] [7] [8] , coadsorption with long-alkanethiols [9] or their incorporation into lipid bilayers [10] give rise to monolayers in which the biological material may be partly denaturated, adopting several possible conformations onto the electrode surface. Although the direct electrochemistry has been reported for several proteins tightly bound to electrode surfaces [2- 4, [7] [8] [9] , the average orientation of the biomolecule generally results in a low efficiency of the electron transfer reaction [ 11] . A favourable orientation of the protein onto the electrode surface not only is a basic requirement to observe the electrochemical response of the protein, but is also the basis to build redox-active biological complexes onto metal interfaces [12, 13] .
Orientation specific immobilization of proteins at metal surfaces can be achieved by attachment through a single aminoacid of the protein surface. This method, however, usually requires a modification of the protein itself, either by chemical [14] or by protein-engineering techniques [15, 16] . A more elegant strategy is to provide the metal surface with anchorage moieties able to recognize a specific site of the protein to form a stable pseudo-artificial biomimetic complex. In this case, the protein will be bound to the electrode surface by biospecific affinity interactions with the surface-linked anchorage moieties [17] [18] [19] [20] .
The protein immobilization method used in this paper has been described in detail in previous works [21] [22] [23] [24] and is based on the site-specific affinity interaction between an artificial pyridine-nucleotide analogon (a triazine dye) and a pyridine-nucleotide dependent enzyme (lactate dehydrogenase). The triazine dye Cibacron Blue 3FG-A (CB) is a competitive inhibitor of lactate dehydrogenase (LDH) [25] , and is thought to form a complex with the enzyme by binding into its NAD+-binding pocket, in the same way as the native coenzyme (NADH) does [26, 27] . We believe that the affinity binding of LDH onto self-assembled monolayers (SAMs) bearing a suitable pyridine-nucleotide analogon as receptor head group should provide a non-destructive immobilization method, giving rise to LDH monolayers in which the protein lies on the ligand monolayer with a specific orientation, facing at least one of its four NAD+-binding pockets (and therefore one of its active sites) towards the electrode surface [21] [22] [23] [24] . We reported recently that triazine dyes can be easily anchored to funetionalizod alkanethiol SAMs giving rise to ligand-monolayers whose capability to bind LDH depends on the nature of the alkanethiol underlayer [22, 23] . Fourier transform infrared absorption-reflection spectroscopic studies on CB-anchored alkanethiol SAMs showed that larger amounts of CB could be bound to disordered alkanethiol SAMs [24] . Moreover, the larger amount of surface-linked ligand groups could be correlated with a higher and more homogeneous enzymatic surface coverage [24] . In an earlier paper, we described a stepwise method to prepare poorly ordered mixed long-alkanethiol SAMs, in which Cibacron Blue 3FG-A (CB) was anchored to pure and mixed mercaptopropionic acid SAMs derivatized 'in situ' with a linear alkyldiamine [21] . Lactate dehydrogenase-surface modified electrodes (LDH-SMEs) prepared by complexation of the enzyme on CB-SAMs were able to electro-oxidize lactate only in the presence of soluble NAD +, indicating either that NAD+-binding pockets used to anchor the enzyme to the monolayer were not involved in the electroenzymati¢ reaction or that the iigand (CB) was not able to establish an effective electronic pathway between the active site of the protein and the electrode surface [21] . As expected for an enzymatic electrode, the amperomea'ic response to lactate oxidation in the presence of soluble NAD + was dependent on the amount of enzyme immobilized and on the concentration of lactate in the reaction mixture with a Michaelis constant, K M = l0 mM
[21].
In the present work, several tfiazine dyes with chemical structures similar to CB have been synthesized and used to functionalize alkanethiol self-assembled monolayers providing different hydrophilic/hydrophobic environments. The electroenzymatic behaviour of the resulting lactate dehydrogenase surface modified gold electrodes has been correlated with a study of the protein adsorption events carried out 'ex situ' by surface plasmon resonance. These measurements turned out to be very valuable in order to optimize the preparative conditions of such biointerfaces, improving their reproducibility and lowering the amount of unspecifically adsorbed protein.
Experimental

Coenzyme analogs
The triazine dyes Procion Blue MX-3R (PB) and Cibacron Blue 3FG-A (CB) were purchased from Fluka and used as received (see structures in Scheme 1). Procion Blue was allowed to react with the aminocompounds: benzylamine (BA), p-phenylenediamine (PA), 2-aminoethyl-2-pyridine (AP) or 6-aminonicotinamide (AN) (all reagents purchased from Aldrich) to obtain different pyridine-nucleotide analogs, with chemical structures similar to CB (Scheme 1, compounds PB-BA, PB-PA, PB-AP, and PB-AN).
Equimolar amounts of PB and aminocompound were dissolved in dimethylformamide and heated to reflux during 2 h under N2-atmosphere. Then, a 10% excess of amine was added to the reaction mixture allowing it to react for another hour. After removing the solvent from the reaction mixture, the solid residue was washed with acetone several times. The remaining solid was dissolved in a boiling mixture of methanol: isopropanol (1:3)and filtered (this treatment was repeated twice). Then, the blue reaction product was purified in two chromatographic steps, first of all by elution with methanol through a column filled with sea sand and (after removing the soiven0 by subsequent elution with water through a column filled with silica gel 60 (Merck). A dark blue crystalline product was obtained in every cases after vacuum-evaporation of the solvent and drying in an oven at 120°(2 for 4 h. The purity of the synthesized triazine dyes was checked by thin-layer chromatography using silica gel 60 Fzs 4 sheets (Merck) and a mixture of n-butanol + water + ethanol (40:32:28) as elution solvent [25] .
The pyridine-nucleotide analog (L1, Scheme 2) was synthesized by reaction between PB and nicotinamide-4-aminobenzylate. 5 g of 2,4-dinitro-l-chlorobenzene (Aldrich) were reacted with 1 g of nicotinamide (Sigma) for 1 h at 50°C, as described in [28] . Then, 5 ml of methanol were added to the molten reaction mixture. 5.7 g of solid yellow product (2,4-dinitrophenyl-pyridinium-3-carbon_ amide-chloride) were obtained after precipitation with diethyl ether and drying the product (this procedure was repeated three times). Then, 1.5 ml of chlorbenzylamine (Aldrich) were added to 15 ml methanol containing 1.5 g of 2,4-dinitrophenyl-pyridinium-3-carbonamide.chloride and allowed to react at room temperature during 30 min (during this process, the colour of the solution changed from red to yellow) [28] . After precipitation with diethyl ether, 1.3 g of solid yellow product (nicotinamide-4-chlorbenzylate) could be obtained from this reaction mixture. 510 mg of nicotinamide-4-chlorbenzylate were dissolved in 60 ml dimethylformamide at 50°C, then the solution was flushed with ammoniac during 4 h. 500 mg of nicotinamide-4-aminobenzylate were obtained after removing the solvent, and washing the yellow product several times with diethyl ether. The product was reacted with PB and purified as described above.
Modified gold electrode surfaces
Coiled gold wires (1.2 cm 2 geometrical area) were treated twice with hot "piranha" solution (7 H2SD4:3 H20 2) for 90 min. Then, the electrodes were rinsed thor .... oughly with doubly distilled water from a MilliQ device (Millipore). Short-alkanethiol self-assembled monolayers (SAMs) were prepared by incubation overnight of freshly cleaned gold surfaces in 1 mM ethanolic solutions of 3-mercaptopropionic acid or 3-mercapto-!-propanol (Aldrich). Hydrophilic and hydrophobic mixed short-alkanethiol SAMs were prepared in the same way from i mM ethanolic mixtures of mercaptopropionic acid (X--0.1) i with 3-mercapto-1-propanol or ! -propanethiol ( X = 0.9), respectively. After rinsing and 10 min sonication in ethanol, the monolayers were ready for further derivatization. Pure (3-mercaptopropionic acid) and mixed (3-mercaptopropionic acid + 3-mercaptopropanol + lpropanethiol) SAMs were further derivatized by incubation for 4 h, at room temperature, in 50 mM Hepes + NaOH buffer, pH 7.0, containing 1 mg/ml l-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) (Sigma) and 0.25% Scheme 2. Chemical structure of the pyridine-nucleotide analog LI. ~ X is defined as the mole fraction of alkanethiol in the solution. (v/v) of 1,4-diaminobutane (DAB) (Aldrich), to yield hydrophilic (types I and II) and hydrophobic (type III) long-alkanethiol SAMs 2. After rinsing with water, the monolayers were allowed to react in a I mM triazine dye solution in BO3H 3 + NaOH buffer pH 11.0 at 80°C, for 6 h (the same procedure was used to attach the dyes to 3-mercapto-l-propanol SAMs) [21] (Scheme 3b, c, e and O. Cibacron Blue was attached to 3-mereaptopropionic acid SAMs by incubation in 1 mM CB solution in 50 mM Na-phosphate, pH 5.5, containing 1 mg/ml EDC, during 24 h at room temperature [22] (Scheme 3a). Short-aikanethiol SAMs with amino groups as functional moieties were prepared from 1 mM aqueous solutions of 2-mercaptoethanolamine (cysteamine, Sigma). After washing and sonieation, these monolayers were allowed to react in 50 mM Hepes + NaOH buffer, pH 7.0, containing 1 mg/ml EDC and 0.5 mg/ml fumaric acid (Fluka) during 4 h to yield the type IV monolayers. Then they were allowed to react with tile triazine dye as described for 3-mercaptopropionic acid SAMs (Scheme 3d). Just before enzyme immobilization, the resulting monolayers were rinsed and sonicated with doubly distilled water. Lactate dehydrogenase (LDH) monolayers were prepared by complexation of the enzyme onto the different triazine dye-SAMs. Unless otherwise specified, gold surfaces modified with a triazine dye-SAM were incubated in a 1.5 ml Eppendorf tube filled with 50 mM Na-phosphate buffer, pH 7.0, containing 0.06 to 0.18 mg/ml of lactate dehydrogenase from rabbit muscle (Serva, A = 698 units/mg), at 4°C for 1 h. Afterwards, they were thoroughly washed with clean buffer solution in order to remove physically adsorbed species.
Surface plasmon resonance
Evaporated gold slides with an approximated thickness of 50 nm were used as substrates for SPR measurements. Protein adsorption events we:e investigated using a homebuilt SPR setup, equipped with a A = 670 nm diode laser [29] , with an angular resolution of 10 -a degree [30, 31] . The cuvette was a Teflon open container (l x w × h = 1.5 × 0.5 × 1.0 era3), in direct contact with the gold surface. Adsorption experiments were done by adding predetermined amounts of protein solution to the contents of the cuvette.
For the present purposes it is sufficient to mention that the angular shift in resonance, A0pt, is a measure for the average layer growth on a substrate. For the present set-up it was found theft protein adsorption in a water environment results in an angular change of ca. 0.2 degree per nm of layer growth [32, 33] . Protein surface coverages (F) were calculated as described below.
Enzymatic complexes: estimation of surface coverages
All triazine dyes used in this work bind specifically to LDH and behaved as competitive inhibitors for this enzyme, as described for Cibacron Blue [25] . Inhibition constants (K I) of 0.9 p,M (CB), 0.4 /LM (PB), 1.2 p,M (PB-BA), 0.5 ~M (PB-PA), 4.3 /xM (PB-AP), 1.4/xM (PB-AN), and 0.6 /zM (LI) were calculated using standard methods described in the literature [34] .
Approximated enzymatic surface coverage values were estimated from the average thickness of the LDH layer calculated from protein binding curves (A0pl vs. time) obtained from SPR measurements. The protein layer was grown from 0.06 or 0.18 mg/ml protein solutions in 50 mM Na-phosphate buffer, allowing the gold surfaces to be in contact with this solution until an adsorption equilibrium was reached. Then, the protein solution was removed from file SPR cuvette, and the surfaces were washed with clean buffer solution and with the same buffer solution containing 0.5 mM NADH (Sigma). The remaining enzy-matic surface coverages were calculated assuming that a densely packed LDH-monolayer gives rise to a protein layer thickness of 11.6 nm (theoretical value calculated assuming that each LDH subunit is a sphere with an approximated radius of 58 ,A [35] , and that the whole LDH tetramer lays flat on the monolayer facing all subunits to the metal surface).
Electrochemistry
The equipment used for electrochemical measurements consisted of a home-made one-compartment electrochemical cell attached to a Wenking ST 72 potentiostat, a Wenking VSG 83 voltage scan generator and an X-Y recorder. All measurements were carried out under argon atmosphere, at room temperature, using reagent grade buffer solutions prepared with doubly distilled water from a MilliQ (Millipore) device. Coiled gold wires (I.2 cm 2 geometrical area) were used as working electrodes. A calomel electrode (SCE) and a graphite rod were used as reference and counter electrodes, respectively.
Unless otherwise specified, the electroenzymatic activity of gold surfaces modified with LDH-SAMs was estimated as previously described [22] , using saturating conditions of substrate (K M = 10 mM for LDH-surface modified electrodes [22] ) by measuring the anodic current density increase (A j) upon addition of 20 mM lactate to a 100 mM "Iris + HCI buffer, 100 mM KCI, pH 8.0 containing 0.25 mM phenazine methosulphate and 2.5 mM NAD + at an applied constant potential of 0 mV (SCE). In order to get higher current values, the reaction mixture was gently stirred (just enough to mix the reactants) during the measurements [22] . The plots (Aj vs. run) show the stability of the current density values after running several assays under similar conditions, removing the reaction mixture from the electrochemical cell and washing the electrode after each measurement. In the following sections we will first discuss the electroenzymatic responses of a number of lactate dehydrogenase-surface modified electrodes (LDH-SMEs). Subsequently, these data will be correlated to the corresponding layer characteristics as determined by SPR.
Re~c.ulgs and discussion
Based on a combination of these results we will ouOine how an optim',d biospecific electroenzymatic ,'esponse can be obtained.
Electroenzymatic behaviour of LDH-surfi~ce modified gold electrodes prepared from triazine dye-anchored mixed alkanethiol self-assembled monolayers
Ligand-anchored hydrophilic (types I and lI) and hydrophobic (type HI) SAMs were incubated in a 0.12 mg/ml LDH solution during 1 h and the resulting enzymatic electrodes were used to electro-oxidize lactate (see experimental section). The amperometric response of such LDH-SMEs (Aft was found to depend not only on the nature of the alkanethiol underlayer, but also on the triazine dye used as ligand. Fig. la-c shows Aj values obtained after the first shot of lactate with several electrodes prepared in different batches. We should point out that although LDH-SMEs show a very reproducible electroenzymatic behaviour among measurements carried out with electrodes prepared in the same batch, we observed a relatively large variation in the absolute values of Aj depending on the preparation batch, suggesting differences in the ligand SAM (Fig. 1) . The lack of reproducibility in the nature of the ligand SAM may arise (among several other reasons) from different states of the gold surface itself. Clean hydrophilic gold surfaces are required in order to get reproducible alkanethiol SAMs; however, this does not seem to be a trivial problem when working with gold wires which may have been used several times. Furthermore, we recall that our preparative procedure is based ~n a stepwise derivatization of poorly packed short-alkanethiol SAMs, each step being difficult to control.
Under similar experimental conditions slightly higher Aj were always obtained with LDH-SMEs prepared from ligand-anchored type I SAMs (Fig. 1) . However, in that case Aj arising from unspecifically bound enzyme (LDH-SMEs prepared from ligand-free alkanethiol monolayers) was also the highest one (Fig. 1) . Hydrophilic (type II) and hydrophobic (type Ill) SAMs showed similar but slightly lower Aj values, also in the case of iigand-free monolayers (Fig. 1, 1) . After the second shot of lactate, the electroenzymatic activity (A j) dropped to ca. 40% of the initial value and remained stable 3, disappearing only after total inactivation of the electrodes, for example by boiling with water [22] . Inactivation of the protein by the product of the enzymatic reaction (high local concentration of pyruvate at the electrode surface), as well as detachment of the protein from the monolayer (due to high local concentrations of pyruvate and NAD + at the electrode surface [27]) could be the origin of this electrochemical behaviour. If the latter is true, we could assume that the residual electroenzymatic activity observed arises from unspecifically adsorbed protein, tightly bound to the electrode surface. As a matter of fact, we observed that the residual Aj stable values were always very close to those obtained for LDH-SMEs prepared from ligand-free alkanethiol SAMs (data not shown). Indeed, the data shown in Fig. 1 suggest the presence of two kind of binding interactions of the protein to the alkanethiol SAM: unspecific and biospecific adsorption, We remark, however, that electroenzymatic data should be interpreted with care in this respect, since they do not provide direct information about the amount of protein bound to the ligand monolayer. Even in the case that the enzyme would preserve its native catalytic activity after biospecific binding to the ligand monolayer, we do not know how many active sites have been blocked after the binding event, and therefore they may not be enzymatically active. If we assume that the catalytic activity of LDH unspecifically adsorbed on an alkanethiol SAM is similar to that of LDH biospecifically bound to a ligandanchored monolayer, it may happen that the unspecifically adsorbed molecules have four active sites accessible for soluble species, whereas the biospecificaUy bound molecules have at least one blocked active site, thus giving 3 It should be remarked that within the course of each electroenzymatic assay the amperometric response of LDH-SMEs remains stable and drops off only after removing the reaction mixture and washing the electrode.
rise to lower values of Aj. This situation could be responsible for the unexpectedly high Aj values obtained with LDH-SMEs prepared by protein adsorption onto ligandfree alkanethiol SAMs (Fig. 1) . We recall, however, that only those NAD+-binding pockets directly connected to the ligand monolayer could be eventually involved in the establishment of a direct electronic pathway from the electrode surface to the enzyme's active site.
Biospecific binding of LDH to triazine dye-anchored a!kanethiol SAMs
Binding of LDH onto different alkanethiol SAMs with or without anchored ligand was investigated by SPR. We observed the growth of the protein layer with the time of incubation of the alkailethiol SAM in a 0.06 mg/ml LDH solution (Fig. 2) . The curves (A0pl) vs. time obtained with ligand-free hydrophilic type II SAMs showed a biphasic protein adsorption process, with a fast process accomplished within the first 5 min of incubation, followed by a very slow one in which the growing process did ,aot reach a real equilibrium, even after incubation times above 2 h (Fig. 2a) . The slow adsorption process, however, gave rise to a protein layer which was not stably immobilized and could be mostly washed off after rinsing with clean buffer solution (Fig. 2a) . Ligand-anchored hydrophilic type II SAMs showed a completely different course of the protein adsorption event (Fig. 2b) . The protein adsorption process was almost accomplished within the first 5 min of incubation. Then, the curves (A0pl) vs. time reached a plateau, suggesting the presence of a binding equilibrium between bound and free protein molecules (Fig. 2b) . The protein layer specifically immobilized after long adsorption times was more stable than that obtained with ligand-free monolayers, with a protein loss below 25% of the protein layer after rinsing with clean buffer solution; no additional amount of enzyme could be removed from the monolayer by rinsing with NADH solutions (Fig. 2b) . LDH-SMEs prepared from ligand-free hydrophobic type III SAMs showed slightly higher enzymatic surface coverages (F) than those prepared from their corresponding ligandanchored ones, suggesting that a hydrophobic environment in the alkanethiol SAM may favour the unspecific adsorption of the protein (data not shown). Under the experimental conditions used (diluted LDH solutions and gold evaporated surfaces), the stable enzymatic surface coverage values estimated were always slightly higher for ligandanchored monolayers: for these samples A0pi---0.35 is found, corresponding to an average layer thickness of ca. 1.8 nm, about 18% of a densely packed LDH-SAM. An interesting conclusion derived from SPR experiments was the similar F values obtained after complexation of the enzyme on CB-anchored short-and long-alkanethiol SAMs (data not shown). This result should be contrasted to the lower" electroenzymatic activity shown by LDH-SMEs prepared from CB-anchored short-alkanethiol SAMs [21, 23] , suggesting that in this case the protein may be partly denaturated. However, it confirms the detectable amounts of protein observed after imaging these surfaces by atomic force microscopy [24] . The biospecific affinity for LDH of alkanethiol SAMs functionalized with different triazine dyes (Scheme 1) was checked by measuring the stable enzymatic sur;~ee coverages (F) obtained after 1 h incubation of ligand-anchored hydrophilic type II SAMs in a 0.18 mg/ml LDH solution (similar conditions to those used to prepare the LDH-SMEs shown in Fig. 1 ). Fig. 3 shows that, in spite of the low F values ob~.ained (between a 20-25% of a densely packed LDH-SAM), F values obtained for ligand-anchored type II SAMs, in which the ligand contains four aromatic systems (compounds PB-BA, PB-PA, PB-AP and PB-AN) 4, were significantly larger than those obtained for the parent ligaJad-free and PB-anchored SAMs, in agreement with previous results [21, 23] . For all triazine dyes tested, the protein adsorption process was almost accomplished within the first 5 min of protein layer growth (not shown), 4 We should point out that Procion Blue, in spite of its character of competitive inhibitor for LDH, has a too small size to build a stable complex with the er~zyme, and therefore it is not suitable to form a stable affinity binding of the protein on the monolayer. For more details, see references [25, 26] . as expected for monolayers with high biospecific affinity for LDH. From a comparison of Fig. 2a and b it is obvious that both binding processes are completely different; the reaction rate for unspecific adsorption seems to be much slower than that of biospecific binding. In addition, from the end values of A0pi after rinsing, it is clear that the affinity of LDH for the ligand-anchored SAMs is larger than that for the corresponding ligand-free ones. A prominent feature in Fig. 2b is the overshoot observed at t = 1000 s. This could point to a reorientation or conformational change of the protein in the initial stage of the binding process. In order to obtain more information about this phenomenon, it would be interesting to determine separately thickness and refractive index of the growing layer [36] .
Optimization of the electroenzymatic behaviour of LDH-SMEs prepared from hydrophilic alkanethiol self-assembled monolayers
Since the electroenzymatic activity to iactate oxidation (A j) should be proportional to the amount of active enzyme immobilized onto the electrode sub:ace ,[2¢], we expected that the protein adsosp:~on event~ ob~-~rved from SPR measurements would be at least partially reflected in the electroenzymatic behaviour of the resulting LDHSMEs in spite of the different gold substrates and cuvette geometries used for SPR (thin gold evaporated films) and electroenzymatic measurements (,gold wires).
SPR measurements showed that larger amounts of enzyme could be immobilized when using more concentrated enzyme solutions for the protein adsorption process (not shown). This behaviour arises from the nature of the affinity reaction in which the bound species should be in equilibrium with species in the solution. As a matter of fact, we observed that an ;~nerease from 0.12 to 0.36 mg/ml of the LDH concentration in the solution used to complexate the enzyme to the ligand monolayer induced a twofold increase in electroenzymatic activity (A j) of the resulting LDH-SMEs (Fig. 4) . The same effect was observed for hydrophilic CB-anchored type I and II SAMs (not shown). A higher amount of immobilized enzyme, however, did not have any influence on the stability of the observed amperometric response which still dropped after the second shot of lactate (Fig. 4) .
On the other hand, we expected a dependence of the observed electroenzymatic activity with the incubation time used to prepare the LDH-SMEs from the different courses of protein adsorption events observed from SPR measuremerits (Fig. 2) . The electroenzymatic curves (Aj vs. tin c, Fig. 5a ) obtained for ligand-(free/anchored) type II SAMs were shown to be a counterpart of the SPR curves (A0pn vs. tin c, Fig. 2 ), indicating that indeed the amperometric response for lactate oxidation is proportional to the amount of immobilized enzyme, and that long incubation times of the monolayer in enzyme solution favour only the unspecific adsorption of enzyme (Fig. 5a) . Thus, the shape of the curves (Aj vs. tin c) could also be taken as an indicator of the kind of binding interactions responsible for the immobilization of enzyme onto the alkanethiol SAM (Fig. 5a ). Moreover, they showed that the biospecific affinity binding between LDH and the investigated ligand monolayers could be detected from electroenzymatic measurements only when using very short incubation times (below 10 min). SAMs anchored with the synthesized triazine dyes (PB-BA, PB-PA, PB-AP and PB-AN, Scheme 1) showed curves (Aj vs. ti,,:) similar to those obtained for CBanchored SAMs (data not shown) • We still find that the main difficulty for the study of the biospecific binding of LDH onto triazine dye-anchored SAMs is the large amount of protein that seems to be unspecifically adsorbed, also on ligand-free alkanethiol SAMs (Fig. 5a ). Such a behaviour may not be surprising when using hydrophobic SAMs in which strong hydrophobic interactions should be responsible for the protein adsorption process. However, we did not expect to find a . Electroenzymafic response of LDH-surface modified gold electaxies after several runs (A j, measured as in Fig. 1 ). The protein layer was grown by incubation of CB-anchored type 1 SAMs during l h in a 0.12 mg/ml (El), 0.24 mg/ml (O) and 0.36 mg/ml (zx) enzyme solution in 50 mM Na-phospbate buffer, pH 7.0. similar behaviour with hydrophilic alkanethiol SAMs. The presence of domains with a high density of negative charges arising from unreacted carboxylate groups on hydrophilic type l SAMs at neutral pH may be responsible for a large extent of unspecific adsorption induced by electrostatic interactions with positively charged aminoacid residues of the protein surface. This large excess of negative charges should not be present in hydrophilic type II SAMs. However, the chemical reactivity of the triazine dyes towards amino and hydroxilic groups may lead to complex monolayers with the iigand bound both through short and long spacers to the gold surface. In order to get hydrophilic ligand-anchored alkanethiol SAMs with a low density of negatively charged groups, we bound the triazine dyes via their free anthraquinone-amino group (Scheme 1) to fumaric acid-derivatized cysteamine SAMs (type IV monolayers). Under the experimental conditions used, the dye should be able to react only with the surface carboxylic groups provided by the surface-bound fumaric acid. Since the derivatization of the cysteamine SAM with fumaric acid may not be quantitative, this monolayer should have the additional advantage of exhibiting domains with a large amount of positively charged surface-bound amino groups at neutral pH. Electroenzymatic assays carried out at different stages of protein layer growth showed that, indeed, the unspecific adsorption of LDH onto ligand-free-type IV SAMs was very low (Fig. 5b) . By contrast, high amounts of protein could be immobilized onto the ligand-anehored type IV SAMs, leading to LDH-SMEs with eleetroenzymatic activities similar to those prepared from hydrophilic type I and II SAMs ( Fig. 5a and b) . ,~, similar effect has been previously observed with CBanchored type I-SAMs after screening the negative charges of the surface carboxylic groups by adding 50 mM NaCI to the prot,~-in solution [24] .
Electrical wiring of LDH immobilized onto pyridinenucleotide analog-anchored SAMs
One of the most important conclusions obtained from previously reported results was the absence of a direct electronic pathway between the enzyme's active site and the electrode surface found for LDH-SMEs prepared from CB-anchored SAMs [22] . There aye several possible reasons for this behaviour: the irreversible electrochemical behaviour of CB itself [22] , the smaller size of CB in comparison with the biological pyridine nucleotide which hinders its perfect fitting into the NAD+-binding pocket [26] , the possible isolator nature of the alkanethiol underlayer, and blocking of the NAD+-binding pocket by the dye which may hinder the penetration of the substrate in the enzyme's active site [27] .
As expected from their similar ,chemical structures, the pyridine-nucleotide analogs PB-BA, PB-PA, PB-AP and PB-AN (Scheme 1) gave rise to ligand-anchored alkanethiol SAMs which were not able to establish a direct electronic pathway between the electrode surface and the enzyme's active site even at higher positive potentials (between 0 and +0.4 V), as reported for CB-anchored monclayers [22] . Electroenzymatic oxidation of lactate was observed only in the presence of dissolved coenzyme (NAD +) in the reaction mixture, and a slow linear decrease of amperometric response (A j) was detected at increasingly higher applied positive potentials in the range from 0 to + 0.4 V (Fig. 6a) .
The pyridine-nucleotide analog L I (Scheme 2) was synthesized in order to get a ligand with similar size as the biological coenzyme (NAD(H)) and with a nicotinamide ring in its chemical structure [37] 5. LDH-SMEs prepared from L 1-anchored 3-mercaptopropanol and hydrophilic type II and IV SAMs did not show electroenzymatic activity in the absence of soluble NAD + in the reaction mixture in the range of potentials between 0 and + 0.4 V. In this case, the mediated amperometric response (A j) was also dependent on the applied potential, showing a maximum at 0.1-0.2 V (depending onL the alkanethiol underlayer), and decreasing sharply at increasingly higher positive potentials (Fig. 6b) . 5 The nicotinamide ring is, indeed, the moiety responsible for the concerted electron and hydride ion transfer to the active site of the protein in the natural coenzyme NAD(H) [38] . The origin of the observed dependences of the electroenzymatic activity with the applied potential is not clear. We recall that the observed electrochemical reaction is the electro-oxidation of phenazine methosulphate, which is the redox mediator used to achieve the electrooxidation of the NADH generated by the enzymatic reaction (lactate + NAD ÷ ~ pyruvate + NADH). Since the redox potential of this mediator at pH 7.0 is -0.165 V [39] , it should be fully oxidized in the range of potentials used to drive the electroenzymatic reaction. We feel that it is more likely that an additional voltage-assisted denaturation process of the protein at increasingly higher positive potentials could be responsible for this behaviour, and that the differences observed between LDH-SMEs prepared from CB-analogs and Ll-anchored monolayers may arise from the different strength of the binding interaction between the enzyme and the pyridine-nucleotide analog.
Conclusions
We have shown in this work that a combination of SPR measurements with electrochemistry, although 'ex situ', gives valuable information on the state of the enzyme layer immobilized (amount of protein and catalytic activity) onto the electrode surface. This information is necessary in order to prepare reproducible LDH-.SMEs with a sufficiently high electroenzymatic activity. The reproducibility of the properties of the enzyme monolayers was shown to depend on several factors which influence the reproducibility of the alkanethiol SAM and the further formation of the protein layer.
The high biospecific affinity shown by the triazine dye-anchored alkanethiol SAMs studied in this work could be made apparent from the course of the protein binding events monitored by SPR. The adsorption of LDH onto ligand-free alkanethiol SAMs occurred as a biphasic process with a slow phase, whereas its adsorption onto a ligand-anchored monolayer proceeded within a few minutes, reaching an equilibrium. Electroenzymatic measurements carded out at different stages of protein layer growth onto hydrophilic (type I and II) alkanethiol SAMs showed that higher enzymatic surface coverages led to higher amperometric responses to lactate oxidation independent from the kind of binding interaction (bio-or unspecific binding). These measurements showed that in order to obtain reproducible and highly active lactate dehydrogenase-modified surfaces three requirements should be fulfilled: the presence of a suitable ligand anchored to the monolayer and short incubation times of the monolayer in concentrated enzyme solutions.
A severe problem that we found in the first experiments was the large amount of presumably unspecifically bound enzyme in hydrophilic alkanethiol layers based on 3-mercaptopropionic acid (type I and II), probably due to favourable electrostatic interactions between negatively charged surface groups and positively charged aminoacid residues of the protein. This problem could be overcome by using more 'friendly' alkanethiol underlayers based on 2-mercaptoethanolamine which should have a large excess of positively charged surface groups at neutral pH (type IV SAMs).
We could not observe the presence of a direct electronic pathway between the electrode surface and the enzyme's active site in any of the surfaces studied. However, we observed a decrease of the mediated electroenzymatic activity (in the presence of NAD +) at increasingly higher positive potentials which depended on the ligand used to bind the enzyme to the monolayer. The fact that LDHSMEs prepared from L 1-anchored monolayers showed a maximum in amperometric response at slightly positive potentials may arise from a weaker binding interaction between the surface-linked L1 and the enzyme's NAD +-binding pocket.
As a final conclusion, we believe that anchoring suitable affinant ligands to biocompatible alkanethiol SAMs should open a way to prepare enzymatic monolaye~s showing a reasonably high degree of reproducibility and electroenzymatic activity. Further experimental work to perform SPR and electrochemical measurements 'in situ' are actually in progress, since they should be valuable for understanding the electroenzymatic behaviour of enzymatic modified electrodes based on a complexated protein monolayer.
